Multilayered combination of protective structures is an important means of effectively weakening the explosive shockwave. On this basis, a "rigid-flexible-rigid" three-layer sealed structure was proposed in this paper and two models for the sealed structure were designed. Meanwhile, internal explosion tests of the two models were conducted. One model used foam concrete as the energy absorbing material and the other used dense sand. The comparisons between the test results and the computed results obtained from the formulae were made, and the test results agreed well with the computed results. Test results showed that both models had favorable energy-dissipating capacity, and the model that used foam concrete as the energy absorbing material had a superior energy-dissipating capacity.
Introduction
The rapid development of high explosives has placed higher demands on the resistance, safety, and sealing performance of explosive containment vessel. There are two methods to enhance the antiknock performance of explosive containment vessel. One method is to increase the thickness of explosive containment vessel or use higher strength material. This method will make it difficult to manufacture and transport and also will increase the economic costs [1] [2] [3] . The other method is to use the multilayered structure or composite material to enhance antiknock performance of explosive containment vessel [4, 5] . In recent years, the multilayered structure form of explosive containment vessel is more and more widely used. As was pointed in the previous studies, the multilayered structure consisted of layers of different materials that can effectively weaken explosive shockwave [6] [7] [8] [9] . In this paper, a simultaneously rigid and flexible multilayered sealed structure (called "rigid-flexiblerigid" three-layer sealed structure) was proposed and two models for the sealed structure were designed, and internal explosion tests of the two models were conducted. Under the internal explosion, the "rigid-flexible-rigid" three layers sealed structure dissipated the explosive energy through the "flexible" layer's deformation and wave dissipation capacity and reduced the explosive energy acting on the outer "rigid" layer, to protect it from damage while improving the resistance and leak-proof capabilities of the structure.
Overview of Test

Test Models.
In order to analyze the dynamic response of the "rigid-flexible-rigid" three-layer sealed structure under internal explosion, two test models were prepared with identical geometric dimensions and three-layer structure form of reinforced concrete (rigid layer), energy absorbing interlayer (flexible layer), and reinforced concrete (rigid layer). Model 1 was filled with foam concrete [10] [11] [12] [13] as the energy absorbing interlayer and Model 2 was filled with dense sand [14] [15] [16] ; these are two kinds of energy absorbing materials which are widely used in protective engineering.
The test models consisted of a cylindrical body and round reinforced concrete plates on both ends. The internal radius was 0.5 m, the external radius was 1 m, and the internal net length was 5 m. The main body consisted of three layers, both the inner layer and outer layer were 0.175 m thick reinforced concrete (rigid layer), and the 0.15 m thick interlayer was filled with energy absorbing materials (flexible layer). The reinforced concrete plates (end plates) on both sides with a thickness of 0.3 m were connected with the main body through embedded bolts. To facilitate placing test equipment and explosive charge in the structure, a 0.4 m × 0.6 m (width × height) entrance with a steel protective door was opened on one end. The models could be locked to simulate a confined space and reduce the disturbance to the external environment during the test, as shown in Figures 1 and 2 . C40 concrete was poured on the main body and end plates of the test models. The inner layer and the outer layer as well as end plates used two-layer reinforcement. Hoop and axial reinforcing bars used Φ14 mm rebar with a gap of 200 mm. The parameters of the foam concrete and dense sand are shown in Tables 1 and 2 Figure 3 shows a strain pressure sensor used for measuring the contact pressure between two adjacent layers; Figure 4 shows a piezoelectric pressure sensor (CY-YD205) used for measuring the explosive shockwave load acting on the internal face. The position of pressure measuring points is shown in Figure 5 ; the serial number and description are shown in Table 3 .
Strain Measurement Point.
In order to investigate the deformation characteristics of the "rigid-flexible-rigid" three-layer sealed structure under internal explosion, each test model was equipped with 8 strain measurement points.
As shown in Figure 6 , the hoop strain measurement points were located on the circumferential reinforcement inside and outside of the inner layer of the center section A of each test Table 3 : Description of pressure measurement points.
Measurement points
The position of measurement points and introduction P-A-1 At internal surface of inner layer of section A Measuring internal surface explosion shockwave load of inner layer of section A P-A-2
At external surface of inner layer of section A Measuring the contact pressure between the energy absorbing materials and the inner layer of section A P-A-3
At internal surface of outer layer of section A Measuring the contact pressure between the energy absorbing materials and the outer layer of section A P-B-1
At internal surface of inner layer of section B Measuring internal surface explosion shockwave load of inner layer of section B P-B-2
At external surface of inner layer of section B Measuring the contact pressure between the energy absorbing materials and the inner layer of section B P-B-3
At internal surface of outer layer of section B Measuring the contact pressure between the energy absorbing materials and the outer layer of section B P-C-1
At internal surface of inner layer of section C Measuring internal surface explosion shockwave load of inner layer of section C P-C-2
At external surface of inner layer of section C Measuring the contact pressure between the energy absorbing materials and the inner layer of section C P-C-3
At internal surface of outer layer of section C Measuring the contact pressure between the energy absorbing materials and the outer layer of section C P-D-1
At center of end plate of the structure Measuring the explosion shockwave load of end plate model, as well as the outer layer; the position of the axial strain measurement points was the same as the hoop strain, but they were located on the axial reinforcement. The serial numbers of the hoop (axial) strain measurement points were A-H(J)-1, A-H(J)-2, A-H(J)-3, and A-H(J)-4 from inside to outside, H was the hoop strain measurement point, and J was the axial strain measurement point.
Test Conditions.
Each model underwent 5 internal explosion tests; TNT was used as the charge and test conditions were shown in Table 4 . A pothook was installed at the center peak of the test models, the explosive charge was hung on the pothook with a wire rope, and the wire rope length was precisely adjusted to ensure that the explosive center coincided with the test model's geometric center (as shown in Figure 7 ). The explosive charge was detonated with the electric detonator as shown in Figure 8 .
Analysis of Test Results
In order to study the internal explosion effect of different explosive charge quantity and reveal the dynamic response of the three layers sealed structure, 10 pressure sensors and 8 strain gauges were used in each model. The explosive shockwave load, structural strain of the three layers sealed structure, and contact pressures between two adjacent layers were obtained.
Explosive Shockwave Load.
The explosive shockwave load is often represented by the reflected shock overpressure and the reflected specific impulse. The reflected shock overpressure and the reflected specific impulse on the internal face of the "rigid-flexible-rigid" three-layer sealed structure obtained from the explosion tests were given in Tables 5 and  6 , and the position of 4 measurement points (P-A-1, P-B-1, P-C-1, and P-D-1) were shown in Table 3 and Figure 5 . The internal explosion was so complicated as a result of the interreflection of explosive shockwave on the internal face and the interaction of reflected waves, that current research on internal explosion of sealed structure tended to focus on the explosion center section such as section A in this paper. In our internal explosion tests, the reflected shock overpressure and the reflected specific impulse on the internal face of section A (test results of P-A-1) were obtained.
To verify the creditability of test results, the comparisons between the test results of P-A-1 and the computed results Table 6 : The reflected specific impulse of the internal explosion (P a ⋅s).
Explosive charge/ (kg) Figure 9 : Comparison between the test data of reflected shock overpressure peak and computed results.
obtained from the formulae proposed by references [17] [18] [19] were made, and the comparative results of the reflected shock overpressure and the reflected specific impulse were shown in Figures 9 and 10 . Herein, we list the empirical and semianalytical formulae in the following. 
The Formulae Are Given by [17]
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The Formulae Are Given by [18]
In formulae (1)∼(3), is the reflected shock overpressure, is the reflected specific impulse, is the scaled distance, and is the explosive charge quantity. Figures 9 and 10 showed that the test results of Model 1 and Model 2 were in good agreement with the formulae results, which demonstrated that our tests were reasonable and test results were credible.
As mentioned above, the reflected shock overpressure and the reflected specific impulse on the internal face of the "rigid-flexible-rigid" three-layer sealed structure obtained from the explosion tests were given in Tables 5 and 6. From  Tables 5 and 6 , the following is noticed. (1) The reflected shock overpressure and the reflected specific impulse at different measurement points increased with the increase of the explosive charge quantity and decreased with the increase of the distance far from the explosion center section. (2) It should be noted that the reflected shock overpressure and the reflected specific impulse of P-D-1 are even larger than P-B-1 and P-A-1. It is mainly because the reflected shockwave from the internal face was enhanced by colliding with each other at the center axis; then it generated an axial jet to collide with the end plate's inner face. It indicated that damage arising from internal explosion in cylindrical multilayered sealed structures may not be controlled by the deformation of the explosion center section; sometimes end plate will be damaged first. This is a noticeable problem for research and application on internal explosion of cylindrical multilayered sealed structures.
To deepen direct impression on the internal explosion shockwave, Figures 11 and 12 show the typical reflected shockwave curve of Model 1 at measurement points P-A-1 and P-D-1 with the explosive charge quantity of 0.15 kg and 0.2 kg. The curve at P-A-1 reached the explosive shockwave peak soon after the shockwave arrived; then it decreased in an exponential form; the curve at P-D-1 reached the explosive shockwave peak soon after the shockwave arrived, but it showed several relative smaller reflected shockwave peaks during the descent stage. This was caused by superposition of the first impulse of the shockwave and the reflected waves of adjacent reflecting surfaces. It also confirmed the second conclusion observed from Tables 5 and 6. Tables 7 and 8 showed the strain peak of Model 1 and Model 2 at different measurement points, wherein "/" means test data was not detected. In order to facilitate the analysis, the test data in Tables  7 and 8 had been sorted out and the results were shown in Figures 13-16. From Figures 13-16 , we can demonstrate the following. (1) The strain peak increased with the increase of the explosive charge quantity. (2) Under the same explosive charge quantity, the hoop strain peak was greater than the axial strain peak at the same measurement point. (3) The strain peak (hoop strain and axial strain) of the outer layer was much smaller than the strain peak (hoop strain and axial strain) of the inner layer; the percentage ratio of them was about 10% (Figures 13 and 14) . It indicated that the energy absorbing interlayer ("flexible layer") has splendid energy-dissipating capacity. (4) At the same measurement point, the inner layer's strain peak (hoop strain and axial strain) of Model 1 were bigger than Model 2, while the outer layer's strain peak (hoop strain and axial strain) of Model 1 were smaller than Model 2, which predicted that the energydissipating capacity of Model 1 was better than Model 2 (Figures 15 and 16) . Figures 17 and 18 show Model 1's hoop strain wave and axial strain wave at different measurement points on section A with an explosive charge quantity of 0.8 kg. 
Structural Strain.
Contact Pressure.
The contact pressure between two adjacent layers of the "rigid-flexible-rigid" three layers sealed structure was an important indicator for the functioning of the energy absorbing layer. Table 9 showed the contact pressure peak at different measurement points under different explosive charge quantity.
In order to facilitate the analysis, the test data in Tables  5 and 9 had been sorted out and the results were shown in Figures 19-26. From Figures 19-26 , we can demonstrate the following. (1) The pressure peak increased with the increase of the explosive charge quantity. (2) The energy absorbing interlayer ("flexible layer") has good energy-dissipating capacity, the percentage ratio of P-A-2 to P-A-1 was about 1%∼ 5% (Figure 20) , and the most explosive energy was absorbed by the interlayer ("flexible layer"). (3) The energy-dissipating capacity of Model 1 was better than Model 2 (Figures 21-26) . Figures 27 and 28 showed the time curve of the contact pressure of Model 1 and Model 2 when the explosive charge quantity was 0.8 kg.
Conclusions
A "rigid-flexible-rigid" three-layer sealed structure containing the energy absorbing layer was proposed in this paper, and two models containing foam concrete as the energy absorbing layer (Model 1) and dense sand as the energy absorbing layer (Model 2) were designed. Internal explosion tests were conducted in these two models, and the test data such as the reflected shockwave pressure on the internal face, the structural strain, and the contact pressure between two adjacent layers of the "rigid-flexible-rigid" three-layer sealed structure were obtained. The main conclusions were as follows.
(1) The values of test data increased with the increase of the explosive charge quantity, which were in accord with the law of experience. The comparisons between the test results of P-A-1 and the computed results obtained from the formulae proposed by references [17] [18] [19] were made to verify the creditability of the test results; the test results of Model 1 and Model 2 were in good agreement with the formulae results, which demonstrated that our tests were reasonable and test results were credible. (2) The strain peaks (hoop strain and axial strain) of the outer layer were much smaller than the strain peaks (hoop strain and axial strain) of the inner layer; the percentage ratio of them was about 10% (as shown in Figures 13 and 14) .
The percentage ratio of P-A-2 (the contact pressure) to P-A-1 (the reflected overpressure) was about 1%∼5% (as shown in Figure 20 ). These indicated that the energy absorbing interlayers ("flexible layer") of both models have splendid energy-dissipating capacity, and the most explosive energy was absorbed by the interlayers ("flexible layer").
(3) Under the same explosive charge quantity and at the same measurement point, the inner layer's strain peaks (hoop strain and axial strain) of Model 1 were bigger than Model 2, while the outer layer's strain peaks (hoop strain and axial strain) of Model 1 were smaller than Model 2, which predicted that the energy-dissipating capacity of Model 1 was better than Model 2 (as shown in Figures 15 and 16) . The same opinion can be obtained by analyzing Figures 21-26.  Figures 21, 23 and 25 showed that the pressures of Model 1 at measurement point P-A-1/P-B-1/P-C-1 were close to Model 2 at the same measurement point, while the pressures of Model 1 at measurement point P-A-2/P-B-2/P-C-2 were : Cohesion of dense sand : Explosive charge quantity : Scaled distance.
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